Kimchi is a well-known traditional Korean food. Its geographical origins can be determined by its biochemical composition. This study identified the biochemical compositions of kimchi extracts from Korea and China by 1 H nuclear magnetic resonance (NMR) spectroscopy followed by multivariate data analysis. Principal component analyses (PCA) clearly discriminated between extracts prepared in the two countries. The identified metabolites, including amino acids, organic acids, sugars, and ethanol, contributed to discriminating the geographical origin of kimchi extracts. Furthermore, differences in composition by origin were predicted with high accuracy in external validation models. These results establish biochemical profiles for kimchi extracts, and indicate that metabolomics can be used in the discrimination of food origins.
Baechu kimchi (cabbage kimchi), a traditional Korean food, is made by fermenting Chinese cabbage in various spices, including red pepper powder, garlic, ginger, green onion, fermented seafood (jeotgal), and salts. [1] [2] [3] [4] It is common in daily Korean menus, and its consumption and popularity are gradually expanding to other parts of the world due to its beneficial effects on human health. 5) Previous studies have reported that kimchi has anticarcinogenic, 6, 7) antioxidative, 3, 8) antimicrobial, 3, 9) antidiabetic, 5) and antiobesity effects. 10) These physiological effects originate from ingredients created during the fermentation process. The main vegetable ingredients and the degree of fermentation lend to the variety of kimchi, making it difficult to produce on a commercial scale with consistent characteristics and quality. 2, 10) Natural, land-based food products have geographical origins. In the last 10 years, consumers have expressed a renewed interest in foods strongly identified with a particular place of origin.
11) The origin of a particular food is manifested in its biochemical composition. Therefore, the metabolite content of a food, which constitutes a unique fingerprint for that food, 12) can be used to determine origin. Metabolic profiles have become important in several food science areas. In particular, metabolomics combined with a multivariate statistical approach has proven valuable in many chemical analyses of food. 8, 13) While a nuclear magnetic resonance (NMR)-based metabolomic approach has been used to identify kimchi fermentation products, 14) no metabolomic profiles related to the geographical origins of kimchi have been reported.
Among possible analytical techniques, 1 H NMR spectroscopy is well suited to metabolite profiling, because it allows simultaneous detection of a diverse group of secondary metabolites in addition to abundant primary metabolites. 15) Moreover, NMR-based metabolomic analyses are both rapid and reproducible, and do not require complex sample preparation procedures. 16) In this study, a metabolomics approach based on 1 H NMR data was used to determine the metabolite profiles of kimchi samples produced in China and Korea. The differences in metabolite patterns were the result of differences in fermentation, the materials used, and other processing parameters. Metabolic patterns were obtained both before and after removal of residual spices and seasonings. The study aimed to integrate metabolite profiling data in kimchi obtained from different geographical areas and, to identify the different chemical compositions of kimchi extracts depending on geographical origin using 1 H NMR coupled with multivariate analysis.
Materials and Methods
Kimchi samples. A total of 65 kimchi samples from China (n ¼ 34) and Korea (n ¼ 31) were collected in April 2010 from commercial Korean markets. The geographical origin of each sample was authenticated. Korean kimchi was made with cabbages grown in various regions of Korea, and Chinese kimchi was made with cabbage from Quindao, Weihai, Wendeng, Angu, and Benxi Provinces of China. One leaf of one head of baechu kimchi seasoned with various spices was ground after freezing in liquid nitrogen. A second analysis * These authors contributed equally to this work. Extraction of kimchi samples. Methanol (d 4 ) (500 mL), 400 mL of 0.2 M (pH 7) sodium phosphate buffer, and 100 mL of 5 mM DSS in D 2 O were added to 500 mg of dried, powdered plant material, and this was vortexed for 1 min and sonicated for 20 min. The mixture was centrifuged at 13,000 rpm for 10 min, and the supernatants (600 mL) were transferred into 5-mm NMR tubes. D 2 O and DSS provided a field frequency lock and a chemical shift reference ( 1 H, 0.00) respectively.
NMR analysis.
1 H NMR spectra were acquired on a VNMRS 600-MHz NMR using a triple resonance HCN salt-tolerant cold probe (Agilent Technologies, Santa Clara, CA). A NOESYPRESAT pulse sequence was applied to suppress the residual water signal. For each sample, 32 transients were collected into 64K data points at a spectral width of 8445.9 Hz with a relaxation delay of 2.0 s, an acquisition time of 2.00 s, and a mixing time of 100 ms.
Data analysis. All NMR spectra were phased and baselinecorrected using Chenomx NMR suite version 5.1 (Chenomx, Edmonton, Canada). The regions containing the water, methanol, and DSS peaks (4.750-5.100 ppm, 3.280-3.334 ppm, and 0.000-0.800 ppm respectively) were excluded, and the remaining spectral regions were divided into 0.001-ppm bins. The spectra were then normalized to the total spectral area and converted to ASCII format. The ASCII-formatted files were imported into MATLAB (R2006a; Mathworks, Natick, MA), and all the spectra were aligned by the correlation optimized warping method.
17)
Multivariate statistical analysis. The resulting NMR data sets were imported into SIMCA-P version 12.0 (Umetrics, Umeå, Sweden) for chemometric analysis. All imported data were pareto-scaled for multivariate analysis. Pareto scaling, in which each variable is divided by the square root of the standard deviation, gives greater weight to NMR data variables with higher intensities but is not as extreme as the use of unscaled data. Pareto scaling is typically used when a very large dynamic range exists in the data set. 18, 19) Principal component analysis (PCA) was initially performed to determine the intrinsic variation in the data set and to obtain an overview of variation among the groups.
12)
The quality of the models was described by R 2 and Q 2 values. R 2 is defined as the proportion of variance in the data explained by the model, and indicates goodness of fit. Q 2 is defined as the proportion of variance in the data predictable by the model and indicates predictability. 20) Targeted metabolite profiling. Polar metabolites were identified by NMR analysis using Chenomx Profiler, a module of Chenomx NMR Suite version 5.1. All the standard NMR spectra used for metabolite identification are commercially available (Chenomx, Edmonton, Canada). The identities of metabolites deemed important on the basis of chemometric analysis were confirmed using spiking experiments and two-dimensional (2D) NMR. Quantification of polar metabolites was achieved by the 600-MHz library of Chenomx NMR Suite version 5.1, which uses the concentrations of a known reference signal (in this case DSS) to determine the concentrations of individual compounds. The library is based on a database of individual metabolite spectra acquired using the NOESYPRESAT sequence, and it contains 260 metabolites.
Statistical methods. t-Tests were performed using GraphPad PRISM version 5.0 (GraphPad Software, La Jolla, CA) to test significance of differences in metabolite levels among the groups of samples of different origin. Differences were tested at a 95% probability level (p < 0:05). Figure 1 shows representative one-dimensional (1D) 1 H NMR spectra of unwashed kimchi extracts made in Korea (a) and China (b). The spectra of the washed (spices removed) kimchi extracts are not given in this report. Twenty-five metabolites were identified using the 600-MHz library from Chenomx NMR Suite version 5.1 together with analyses of 2D total correlation spectroscopy (TOCSY), heteronuclear single quantum correlation (HSQC), heteronuclear multiple bond correlation (HMBC), and spiking experiments ( Table 1 ). The majority of the metabolites identified were amino acids, organic acids, and sugars. Visual inspection of the spectra revealed large amounts of sugars relative to the amounts of aliphatic and aromatic components. The levels of identified metabolites were generally higher in the Chinese extracts.
Results

H NMR analysis
Multivariate statistical analysis PCA score plots were used to determine whether metabolic fingerprints of kimchi extracts were sufficiently different to distinguish geographical origin and to identify specific biomarkers for each origin. PCA score plots derived from the NMR spectra are shown in PCA loading plots for each of the principal component axes were generated in order to identify the metabolites primarily responsible for the differentiation in the score plots (Fig. 2b, c) . The levels of 4-aminobutyrate (GABA), acetate, citrate, fructose, glucose, mannitol, lactate, and sucrose were characterized by the PC1 axis. The loading plot of the PC2 axis indicated that the Chinese kimchi samples contained higher levels of ethanol, GABA, glucose, glutamate, glutamine, and lactate than did the Korean kimchi samples, but they contained lower levels of alanine, aspartate, formate, fumarate, isoleucine, leucine, sucrose, and valine. PCA analysis of the washed kimchi extracts resulted in a clear separation (Fig. 3 ) (R 2 ¼ 0:75, Q 2 ¼ 0:61). These patterns allowed discrimination of place of origin according to the PC2 axis. The metabolites contributing to this classification were very similar to those for the unwashed kimchi extracts.
Targeted analysis
The 25 previously assigned metabolites were quantified in order to extend understanding of the dependence of kimchi metabolic patterns on geographical origin. The levels of statically significant metabolites (p < 0:05) responsible for the observed differences between Chinese and Korean samples of unwashed and washed kimchi extracts are given in Fig. 4 . The levels of alanine, formate, sucrose, and valine were highest in the Korean kimchi, while ethanol, glucose, and glutamate were significant metabolites in the Chinese kimchi. There were few differences between the unwashed and washed kimchi extracts.
External validation
External validation was used to test the reliability of these models. Along the PC2 axis of the model, the corresponding training and prediction sets were selected randomly. The prediction results are shown in Fig. 5 , and correctly predicted the origins of all tested kimchi samples, both washed and unwashed.
Discussion
As shown in Figs. 2 and 3 , similar metabolic patterns were observed for unwashed and washed samples from China and Korea. The methanolic extracts of kimchi made in China and Korea were not affected by spices after fermentation.
Kimchi fermentation is characterized by the production of metabolites such as organic acids (lactic and acetic acids) and other flavoring compounds, which are important components in defining kimchi quality. 14) Kimchi contains live lactic acid bacteria (LAB), the primary microorganisms responsible for kimchi fermentation. The bacteria use sugars in the raw materials as their energy source, converting them to lactic acid, acetic acid, carbon dioxide, and ethanol during ripening. These acids, together with carbon dioxide, are respon- sible for the fresh, carbonated taste of kimchi. 21) A considerable quantity of mannitol is also produced during fermentation. 22) The metabolic changes that characterize kimchi fermentation are evidenced in the loading line plots and their separation along PC1 in Figs. 2 and 3 . The sugar content (fructose, glucose, and sucrose) is higher on the left side of the plot, while the acid content (lactic and acetic acids) and mannitol levels are higher on the right side. Thus, the kimchi samples plotted on the right of PC1 can be considered more fermented than those on the left.
Generally, the taste and fragrance of kimchi are dependent on the relative amounts of free sugars, amino acids, and organic acids. 21, 22) These metabolite compositions can be affected by many other factors, including the raw materials used, processing methods, and the fermentation process. The important raw materials used in making kimchi fall into three groups: major raw materials, sub-ingredients (spices), and optional (minor) ingredients. Baechu (Chinese cabbage) is the most common major raw material used in preparing baechu kimchi. Among the various kinds of kimchi, baechu kimchi is consumed as a traditional fermented vegetable food in Korea. The sub-ingredients include garlic, hot pepper powder, green onion, ginger, and fermented fishery products such as shrimp and anchovy. The optional (minor) raw materials include leeks, parsley, glue plant, mustard leaves, pear, chestnuts, oysters, frozen pollack, starches, monosodium glutamate (MSG), and sweetener. The types and amounts of seasonings used in kimchi vary greatly among manufacturers and processors. Hence, the quality and species of major ingredients can significantly affect kimchi quality and metabolite composition. In addition, traditional process- ing of kimchi differs by country. Differences in metabolic patterns caused by these various factors are revealed by the separation of the data along PC2.
In conclusion, this study indicates that 1 H NMRbased metabolomic fingerprinting is useful for understanding the metabolite profiles of kimchi samples and for determining the geographical origins of kimchi. A complementary approach using non-targeted and targeted metabolite profiling was employed to discriminate the origins of kimchi and, to identify potential biomarkers. Metabolites such as amino acids (alanine, aspartate glutamate, glutamine, isoleucine, leucine, and valine), organic acids (GABA, lactate, formate, and fumarate), sugars (glucose and sucrose), and ethanol are respon- sible for identifying the origins of kimchi extracts. Our data, and additional external validation studies, have shown that metabolomics based on 1 H NMR is an effective analytical method for characterizing and differentiating metabolite compositions as a means of determining geographical origin.
